Abstract-Perfluorinated sulfonated cation-exchange membranes MF-4SC containing 0.5-3.0% of carbon nanotubes (CNTs) have been synthesized. A correlation between the water uptake and transport properties of the membranes in the K + -form and the sensitivity of DP-sensors (with the analytical signal in the form of a Donnan potential) to the analyte and interfering ions in solutions of hydrophobic amino acids (alanine, valine, and phenylalanine) has been found. Hybrid membrane samples that provide the highest sensitivity of DP-sensors to amino acid cations and zwitterions and the lowest sensitivity to hydroxonium ions at pH < 7 in a concentration range of 1.0 × 10 -4 -1.0 × 10 -1 M have been selected. Membrane modification has led to a decrease in the relative error and the relative standard deviation in the determination of amino acid ions by a factor of 3 and 1.5, respectively.
INTRODUCTION
A promising application of the membrane science is the synthesis of sensor systems based on modified ion-exchange materials, particularly, hybrid membranes [1] . In potentiometric sensors, these materials solve the problem of low adhesion of the sensitive layer to the electrode surface and act as ion-electron converters [2, 3] ; in voltammetric sensors, these materials decrease the overpotential of the electrode reaction and increase the selectivity and electrocatalytic activity with respect to the analyte [4, 5] . In addition, hybrid materials can increase the analyte sorption on the electrode or hinder the sorption of compounds that poison the electrode material. General approaches to the synthesis of modified membranes for potentiometric sensors with an internal reference solution have not yet been developed. The authors of [6, 7] used perfluorinated sulfonated cation-exchange membranes gradient-modified along the sample length in potentiometric sensors with an internal reference solution, in which the analytical signal has the form of a Donnan potential (DP). These sensors are cross-sensitive to organic and inorganic ions; their characteristics are varied by changing the ionexchange and sorption properties of perfluorinated membranes of the Nafion type. This modification is aimed at increasing the number of sorption sites and optimizing the intrapore space sizes that provide the highest concentration of analyte ions in the membrane taking into account their nature and size [6, 7] . Thus, it was previously shown that the introduction of silica with a hydrophobizated surface into the pores of perfluorinated membranes leads to an increase in the stability of DP-sensor response in solutions of hydrophobic amino acids and a slight decrease in the interfering effect of hydroxonium ions [7] .
Recently, the number of reports on the synthesis of materials based on conductive polymers and carbon nanotubes (CNTs) and the study of their properties has increased owing to a wide variety of practical applications of these materials [8] . In particular, CNTs are quite commonly used as a dopant with a hydrophobic surface to modify perfluorinated sulfonated cation-exchange polymer membranes of the Nafion type [9, 10] . This modification makes it possible to improve the mechanical properties of the polymer; change the ion and molecular transport of the membranes, in particular, decrease the methanol permeability; and even increase the proton conductivity. In this context, considerable attention is given to materials exhibiting mixed electronic and ionic conductivity [11] . The introduction of CNTs with a functionalized surface containing hydrophilic moieties of different nature-carboxyl, sulfo, and amino groups; carbohydrates; DNA; proteins; enzymes; and polymer filmsinto the matrix of Nafion membranes opens multifold possibilities [12] [13] [14] [15] . The CNT structure provides an increase in the mechanical strength of the hybrid materials; the presence of hydrophilic moieties on the CNT surface changes the microstructure of the materials via contributing to the partial localization of CNTs in the hydrophilic region and affects their sorption and exchange properties. There are some reports on sensor systems with CNT-containing membranes [16] [17] [18] .
In this study, it was proposed that MF-4SC perfluorinated membranes modified with CNTs should be used to increase the sensitivity and accuracy of determination of hydrophobic amino acids alanine, valine, and phenylalanine. It was assumed that this modification would significantly affect the hydration of the membranes and the intrapore space sizes. In addition, the partial presence of CNTs in hydrophilic pores and channels of the membrane should provide the formation of additional sorption sites in the form of carboxyl groups on the CNT surface (for charged amino groups of amino acid cations and zwitterions) and the CNT surface itself (for aromatic amino acid). To increase the number of binding sites for amino acid cations and zwitterions, the membranes were converted into the K + -form in order to increase the degree of dissociation of carboxyl groups on the CNT surface. Since the causes of changes in the water uptake and transport properties of membranes and the characteristics of DP-sensors based on the membranes are similar in many respects, the membrane compositions that provide the highest sensitivity and accuracy of determination of amino acids were selected to study the mutual influence of these parameters.
This study is focused on the effect of the water uptake and transport properties of MF-4SC membranes modified with CNTs on the characteristics of DP-sensors in solutions of hydrophobic amino acids alanine, valine, and phenylalanine.
EXPERIMENTAL

Materials and Reactants
The following materials were used in this study: Taunit S12 CNTs (NanoTekhTsentr, Tambov, Russia; outer diameter, 20-40 nm; inner diameter, 5-10 nm; length, up to 10 μm; synthesized by catalytic pyrolysis-CVD of hydrocarbons over a Ni/Mg catalyst); a solution of an perfluorosulfonic MF-4SC polymer polymer in the lithium form in dimethylformamide (Plastpolimer, Russia; 10 wt %; equivalent mass EM = 1100); nitric acid (Khimmed, special purity grade, HNO 3 > 70%); hydrochloric acid (Khimmed, special purity grade, HCl = 35-38%); hydrochloric acid (Ekokhim, primary standard); potassium chloride (Khimmed, reagent grade); 2-aminopropanoic acid (alanine), 2-amino-3-methylbutanoic acid (valine), and α-amino-β-phenylpropionic acid (phenylalanine) (Sigma-Aldrich Rus, ≥99%); and deionized water (resistance of 18.2 MΩ).
The CNTs used in this study were preliminarily purified from residues of the catalyst used in the synthesis as described in [19] . To this end, a CNT suspension in a 30 wt % HNO 3 solution at a weight ratio of 1 : 8 was prepared and held at 90°C under permanent stirring for 1 h. After that, the CNTs were washed with a large amount of water to a neutral pH and air-dried at 90°C for 24 h.
Hybrid Material Synthesis Procedure
The materials were prepared by the casting method. Two types of membranes were prepared: (i) with a uniform distribution of CNTs over the sample area to study the water uptake and transport properties and (ii) with a gradient distribution of CNTs over the sample area for DP-sensors. In the second case, the dopant was contained only in that portion of the film whose end comes in contact with the test solution during the experiment. The absence of the dopant in the portion that comes in contact with the reference solution is required to provide the similarity of the compositions of the solution inside the membrane and the reference solution and level the Donnan potential at the reference solution/membrane interface. A weighed portion of the dopant was added to an MF-4SC polymer solution so as to provide the CNT content in the resulting materials of 0.5, 1.0, 1.5, and 3.0 wt %; the mixture was dispersed by ultrasonic treatment (UT) on a Bandelin Sonorex instrument (frequency of 35 kHz) for 2 h. The resulting uniform slurry and/or the polymer solution were poured onto a glass surface. In the case of the samples with a gradient distribution of CNTs over the area, a specially designed cell was used; the polymer solution that was not subjected to UT and the polymer solution with CNTs after UT were simultaneously poured on the different sides. In addition, samples of an unmodified MF-4SC membrane from a solution that was not sonicated (MF-4SC) and from a solution after sonication (MF-4SC-UT) were synthesized. The solvent was removed by drying in the following mode: at 80, 90, 100, and 120°C for 1 h at each temperature and then at 80°C for 4 h. After that, the films were carefully removed from the glass surface and hot-pressed under a pressure of 5 MPa at a temperature of 110°C for 3 min to provide a higher strength.
All the synthesized membrane samples were conditioned to standardize the conditions and convert the membranes to the proton form. To this end, they were sequentially treated at room temperature as follows: initially, the samples were subjected to two runs of a 1. washed with deionized water until a negative chloride ion test. To convert the membranes into the potassium form, they were held in a 2 M KCl solution for 72 h and then washed with water.
Investigation Procedures
The ion-exchange capacity (IEC, mg-equiv/g) of the membranes was determined as described in [20] The IEC for the unmodified membranes was calculated using the formula (1) where is the proton concentration in the equilibrium solution (mol/L) and m is the amount of the weighed portion of the dry membrane (g). The IEC of the MF-4SC membrane in the dry state was 0.75 mg-equiv/g.
For the hybrid membranes, the number of sulfo groups per unit mass of the hybrid membrane (IEC HM ) was calculated taking into account the dopant concentration in the membrane under the assumption that the number of sulfo groups in the membrane does not change after the introduction of CNTs: (2) where IEC is the ion-exchange capacity of the unmodified MF-4SC membrane (mg-equiv/g) and W CNT is the weight fraction of CNTs in the hybrid membrane (%).
Water uptake and ionic conductivity were studied for the membranes in the K + -form. Thermal analysis of the membranes was conducted on a Netzsch-TG 209 F1 thermal balance in an argon atmosphere in platinum crucibles in a temperature range of 25-200°С (heating rate of 10 deg/min). The membranes were stored in deionized water; immediately before measurements, the samples were withdrawn and wiped with filter paper. Water uptake ( was calculated by the formula (3) where Δm is the difference in the weight of the samples before the heat treatment and after holding at 200°C (g) and m is the weight of the sample before the heat treatment (g).
The number of water molecules per sulfo group of the unmodified (IEC = 0.75 mg-equiv/g) and hybrid membranes was calculated by the formula (4) where is the weight fraction of H 2 O in the membrane (%), 18 g/mol is the molar mass of H 2 O, and IEC HM is the IEC calculated per weight of the dry membrane (mg-equiv/g).
Ionic conductivity was determined in a temperature range of 25-60°C in contact with deionized water. Measurements were conducted on an Elins E-1500 alternating-current bridge in a frequency range of 1 kHz to 2 MHz on symmetrical carbon/membrane/carbon cells with an active surface area of 1 cm 2 . Conductivity (Ω -1 cm -1 ) was calculated from the resistance found via extrapolating the impedance hodographs to the axis of active resistances.
To determine the diffusion permeability, the sample was placed in a cell between two compartments, each of which had a volume of 32 cm 3 . The cell was filled with an electrolyte solution (0.1 M KCl solution) on the one side of the membrane and with deionized water on the other side. In the experiment, the change in the electrical conductivity of the solution in the compartment initially containing deionized water was measured using an Expert-002 conductivity meter (Econix-Expert). The diffusion permeability of the membranes was calculated by the formula (5) where V is the solution volume (32 cm 3 ), l is the membrane thickness (cm), Δc is the concentration gradient (mol/cm 3 ), t is the time (s), and S is the active area of the membrane (4.9 cm 2 ). The error in the determination of P was less than 1%.
The cell used to determine the responses of a DP-sensor array based on membranes of different compositions comprised an inner body (d = 3.5 cm, h = 3.5 cm) for the test solution and an outer body with one section (d = 5 cm, h = 3 cm) for the inner body and eight sections (V = 28 cm 3 ) for the reference solution [6] . The two bodies were made of a nonconductive material. One end of each of the membranes was immersed into the inner body with the test solution, while the other end was immersed into one of the sections with the reference solution. In the case of the hybrid membranes, the end of the modified portion of the film was immersed into the test solution. A silver/silver chloride electrode (ESr-10103, EconixExpert) connected to the input of a multichannel potentiometer for a reference electrode was immersed into the inner body; silver-silver chloride electrodes (ESr-10301/4, Sensornye Sistemy) connected to the measuring inputs were immersed into sections with The following characteristics of DP-sensors were determined: response variance (s 2 , mV 2 ), response time (t, min), drift (mV/h), sensitivity to amino acid and hydroxonium ions (mV/pc), relative error δ = (c exp -c theor )/c theor , % (where c theor and c exp are the given and average determined concentrations of amino acid ions, respectively), and relative standard deviation s r = s/с exp , % (where s is the standard deviation) of the determination of amino acid ions in solutions.
The DP-sensors were calibrated in solutions containing an amino acid and HCl, the concentrations of which were varied in a range of 1.0 × 10 -4 -1.0 × 10 -1 М in an equimolar ratio. The pH values of alanine (Ala + HCl), valine (Val + HCl), and phenylalanine solutions (Phe + HCl) were 1.76-3.91, 1.71-4.01, and 1.78-4.05, respectively. Under these conditions, the amino acids are in the cationic and partly zwitterionic forms:
To calculate the calibration equation coefficients by multivariate regression analysis, the effect of both the negative decimal logarithm of the amino acid ion concentration (pA) and the solution pH on the response of the DP-sensors was taken into account: 
RESULTS AND DISCUSSION
Equilibrium and Transport Properties of Membranes
The results of studying the water uptake, ionic conductivity, and diffusion permeability of the original and hybrid membranes are shown in Table 1 .
Membrane modification with small amounts of CNTs (≤1.5%) leads to an increase in water uptake and ionic conductivity. The dependences of water uptake and conductivity on the CNT content in the membrane are symbatic and pass through a maximum at 1.5% CNTs (Table 1 ). For the sample containing 3.0% CNTs, these parameters are lower than those of the unmodified membrane. An increase in water uptake upon the introduction of a hydrophobic dopant, such as CNTs, is a nontrivial result. In the case of modification of MF-4SC membranes with hydrophobic nanoparticles, such as metals [21] , oxides with a functionalized surface [20, 22] , and even analogous CNTs [19, 23] , a decrease in the water uptake was observed for samples in the proton form. A possible cause of the higher water uptake of the CNT-containing membranes is the specifics of polymer preconditioning, namely, sonication. Thus, the water uptake of the unmodified MF-4SC membrane, the solution of which was subjected to UT for 2 h, is slightly higher than the water uptake of the MF-4SC membrane synthesized from a solution that was not sonicated ( Table 1) . The ultrasonic treatment can lead to scission of some of the bonds in the backbone and a decrease in the polymer chain length [24, 25] . Therefore, during film casting from a sonicated solution, the mobility of the polymer macromolecule units is higher; this feature can provide the formation of larger pores and channels in the resulting membranes in the hydrated state than in the case of casting of a film from an untreated solution. Thus, the water uptake and, as a consequence, ionic conductivity of the membranes synthesized from the sonicated solution increased. However, the mechanical properties of this sample significantly deteriorated compared with the properties of the membrane synthesized from an untreated solution. Therefore, the MF-4SC-UT samples were not studied as a material for DP-sensors. In studying the characteristics of DP-sensors based on hybrid membranes, the reference sample was the unmodified membrane that was not sonicated. The water uptake of the hybrid membranes containing 1.0 and 1.5% CNTs in the K + -form is even higher than the respective parameter of the unmodified MF-4SC membrane, the solution of which was also sonicated (Table 1) . For analogous membranes in the H + -form, a decrease in the water uptake was observed [19] .
To understand the causes of changes in the conductivity of Nafion-type membranes upon their modification with CNTs, it is crucially important to determine the location of CNTs in the membrane matrix. Conductivity measurements showed that the contribution of the electronic conductivity in the studied dopant concentration range is negligible compared with the contribution of the ionic conductivity, and the percolation threshold is not achieved. Therefore, the total electronic conductivity of the membrane remains negligible compared with the ionic conductivity. At the same time, it can be assumed that the increase in conductivity can be attributed to the faster charge transfer in some regions of the membrane owing to the contribution of the electronic conductivity of the CNTs. However, there is another contribution to the increase in conductivity. Prikhno et al. [19] showed that the exposure of CNTs to nitric acid during preconditioning leads to the formation of a small amount of carboxyl groups on the surface (IEC of these CNTs is 0.014 mg-equiv/g). Upon the conversion of the membrane into the K + -form, the weakly acidic carboxyl groups localized on the CNT surface should undergo complete dissociation, which leads to an additional increase in the ionic conductivity. Comparison of data on changes in the ionic conductivity, diffusion permeability, and ion transfer selectivity in the MF-4SC membranes modified with CNTs shows that the dopant particles can be at least partly localized in the hydrophilic region of the membrane [19] . In terms of the model of limited elasticity of membrane pore walls [26] , the introduction of a small amount of a dopant contributes to the pore expansion and, accordingly, an increase in the size of the channels, the proton transport through which limits the transfer process in the membrane. For this reason and owing to the higher water uptake, the conductivity of the membranes with a dopant content of up to 1.5% increases compared with the conductivity of the original membrane (Table 1) . This assumption is supported by a decrease in the activation energy for conductivity in K + -form upon the introduction of 1.0 and 1.5% CNTs (to 12.5 ± 1.1 kJ/mol compared with 14.5 ± 0.8 kJ/mol for the MF-4SC and MF-4SC + 0.5% CNT membranes). A decrease in conductivity with an increase in the CNT concentration to 3.0% is attributed to the fact that, at a high dopant content, the osmotic pressure becomes insufficient to compensate for the elastic forces of the membrane matrix, and the occurrence of additional steric hindrances leading to a decrease in ion transfer is observed [26] . In addition, the introduction of CNTs makes the membrane matrix more rigid; this is another factor that hinders the further expansion of the pores. In this case, the activation energy for conductivity decreases compared with the respective parameter of the membranes containing 1.0 and 1.5% CNTs (to 13.4 ± 0.9 kJ/mol).
The sonication of the polymer solution leads to an almost 30% increase in the diffusion permeability of a 0.1 M KCl solution across the membranes ( Table 1) . The introduction of 0.5-1.5% CNTs leads to a nearly twofold increase in diffusion permeability compared with the respective parameter of the unmodified MF-4SC sample that was not subjected to UT. An increase in the CNT concentration in the membrane to 3.0% leads to a decrease in the diffusion permeability of the sample compared with the respective parameter of both the hybrid membranes with a lower dopant content and the unmodified MF-4SC. The results are in good agreement with the data on water uptake and ionic conductivity. During the diffusive permeation of a KCl solution, cations and anions are transferred through a system of pores and channels; in the case of a cation-exchange membrane, the entire process is limited to the anion transfer rate. The cation transfer in the membrane pores mostly occurs within the Debye layer formed owing to the dissociation of functional sulfo groups near the pore walls. Anions are excluded from this region; they are transferred through an electrically neutral solution localized in the middle of the pore [27] . The diffusion permeability of the MF-4SC membrane increases after the UT of the polymer solution and the introduction of CNTs owing to an increase in the water uptake of the membranes, an increase in the pore size and, as a consequence, in the size of the pore-connecting channels. However, if the number of incorporated particles becomes too large (3.0% CNTs) and the nanoparticles are partly localized in the hydrophilic region, a portion of this solution is displaced by the CNTs. Thus, the anion transfer becomes hindered, and the diffusion permeability decreases.
Characteristics of DP-Sensors in Hydrophobic Amino Acid Solutions
The studied amino acids differ in size and degree of hydrophobicity, which increase in the following order: Ala < Val < Phe. In the case of the unmodified membranes that were not sonicated, the sensitivities of DPsensors to amino acid ions have similar values (Fig. 1) , whereas the sensitivity of DP-sensors to interfering hydroxonium ions in aromatic amino acid Phe + HCl solutions is higher than the respective parameter in aliphatic Ala + HCl and Val + HCl solutions (Fig. 1) . Apparently, the smaller size and hydrophobicity facilitate the transfer of amino acid ions into the membrane pores (upon the establishment of quasi-equilibrium at the sensor membrane-test solution interface), while interaction of their amino groups with the sulfo groups of the membrane excludes some of the protons from ion exchange.
For all the modified samples containing CNTs, the sensitivity of the DP-sensors to Ala ± , Ala + and Val ± , Val + ions is higher than that in the case of the original MF-4SC membrane (by 3-15 and 16-21 mV/pc, respectively; Figs. 2a, 2b) , while the sensitivity to hydroxonium ions present in their solutions is lower (by a factor of 1.2-7 and 1.1-3, respectively; Figs. 2a, 2b) . In the case of the membranes containing 0.5, 1.0, and 3.0% CNTs, the sensitivity of the DP-sensors in Phe + HCl solutions also increases with respect to amino acid cations and zwitterions (by 17-25 mV/pc, Fig. 2c ) and decreases with respect to hydroxonium ions (by a factor of 1.2-5, Fig. 2c ) compared with the values for the unmodified sample. The sensitivities of the DP-sensors based on the membrane containing 1.5% CNTs to both the analyte and interfering ions in Phe + HCl solutions are close to the values for the original membrane (Fig. 2c) .
The nonmonotonic variation in the sensitivity of DP-sensors as a function of the CNT concentration in the membrane is attributed to the effect exerted on the amino acid sorption conditions by both the number of binding sites and their accessibility for interaction, which depends on the intrapore space size and the degree of hydration of the membrane. In addition, for aliphatic amino acids, the sorption sites are sulfo groups bound to the perfluorinated polymer and carboxyl groups on the CNT surface; for phenylalanine, π-π interactions with the CNT surface can occur. There is a correlation between the sensitivity of DPsensors to the analyte and interfering ions and the water uptake and transport properties of the membranes (Fig. 2, Table 1 ). In solutions of all the studied amino acids, the sensitivity of DP-sensors to interfering hydroxonium ions decreases with a decrease in the water uptake, conductivity, and diffusion permeability of the hybrid membranes in the following order: 1.5 > 1.0 > 0.5 > 3.0% CNTs (Fig. 2) . If the water uptake and the intrapore space size are low, the presence of amino acid ions in the membrane pores decreases the accessibility of functional groups of the polymer and the CNTs to protons. At the same time, the sensitivity of DP-sensors increases with respect to Ala + , Ala ± ions (Fig. 2a) , varies only slightly with respect to Val + , Val ± ions (Fig. 2b) , and passes through a maximum with respect to Phe + , Phe ± ions at 1.0% CNTs (Fig. 2 c) . These differences can be attributed to the opposite effects of two factors, namely, an increase in the membrane affinity for hydrophobic analytes with a decrease in the water uptake of the membrane and steric hindrances to the sorption of bulk cations and zwitterions. Apparently, in the set of hybrid membranes with a CNT content of 1.5 > 1.0 > 0.5%, the concentration of small Ala + , Ala ± ions in the pores increases, while the concentration of larger Val + , Val ± ions varies only slightly or somewhat decreases for the membrane with the lowest water uptake and transport properties (3.0% CNTs). The concentration of ions of the most hydrophobic and largest amino acid-Phe + , Phe ± -abruptly increases with a decrease in the water uptake (for MF-4SC + 1.0% CNTs compared with MF-4SC + 1.5% CNTs) and then decreases owing to the occurrence of additional steric hindrances during the sorption of bulk ions.
To determine alanine, valine, and phenylalanine, the hybrid membrane samples containing 0.5 and 3.0% CNTs were selected, because they provided the 
highest sensitivity of DP-sensors to amino acid cations and zwitterions and the lowest sensitivity to hydroxonium ions (Fig. 2) . For comparison, Tables 2 and 3 show the results of the determination of Ala ± , Ala + , Val ± , Val + , and Phe ± , Phe + ions using the original membrane and the selected modified samples. Mem-brane modification led to a decrease in the relative error and the relative standard deviation in the determination of alanine, valine, and phenylalanine ions by a factor of 3 and 1.5, respectively. Table 4 summarizes the main characteristics of DP-sensors based on MF-4SC + CNT membranes for the determination of cations and zwitterions of hydrophobic amino acids at pH < 7 in a concentration range of 1.0 × 10 -4 -1.0 × 10 -1 M.
CONCLUSIONS
The introduction of small amounts of carbon nanotubes (up to 1.5%) into perfluorinated sulfonated cation-exchange membranes leads to an increase in their water uptake, ionic conductivity, and diffusion permeability in the K + -form. This effect is attributed to the preconditioning of polymer solutions; it indirectly indicates that the CNTs are partly localized in the hydrophilic pores and channels of the membrane and that carboxyl groups on the surface of the dopant nanoparticles contribute to the ion transfer. With a further increase in the CNT concentration (up to 3.0%), the degree of hydration and the intrapore space sizes decrease. These factors affect the concentration of hydrophobic amino acid ions and interfering hydroxonium ions, which pass into the membrane pores when the DP-sensor comes in contact with the test solution. Therefore, there is a correlation between the sensitivity of DP-sensors to the analyte and interfering ions and the water uptake and transport properties of the membranes. In solutions of all the studied amino acids, the sensitivity of DP-sensors based on the hybrid membranes to interfering hydroxonium ions is lower than that of the unmodified membrane and decreases with a decrease in the water uptake, conductivity, and diffusion permeability of the hybrid membranes. Differences in the dependences of the sensitivity of DP-sensors to amino acid ions with different sizes and degrees of hydrophobicity are attributed to the opposite effects of two factors, namely, an increase in the membrane affinity for hydrophobic analytes with an increase in the number of sorption sites and a decrease in the water uptake of the membrane and steric hindrances to the sorption of bulky cations and zwitterions.
The hybrid membrane samples containing 0.5 and 3.0% CNTs that provide the highest sensitivity of DP-sensors to amino acid cations and zwitterions and the lowest sensitivity to hydroxonium ions at pH < 7 Table 3 . Results of determination of (a) Ala have been selected to determine alanine, valine, and phenylalanine. Membrane modification has led to a decrease in the relative error and the relative standard deviation in the determination of alanine, valine, and phenylalanine ions by a factor of 3 and 1.5, respectively, compared with the respective parameters of the original membranes.
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